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In Brief
Ori-McKenney et al. identify a conserved mechanism for a Down syndrome critical kinase in regulating microtubule growth during neuronal development. MNB/ DYRK1a inhibits microtubule polymerization by phosphorylating tubulin, a pathway that contributes to proper dendritic patterning and overall neuronal function.
SUMMARY
Dendritic arborization patterns are consistent anatomical correlates of genetic disorders such as Down syndrome (DS) and autism spectrum disorders (ASDs). In a screen for abnormal dendrite development, we identified Minibrain (MNB)/DYRK1a, a kinase implicated in DS and ASDs, as a regulator of the microtubule cytoskeleton. We show that MNB is necessary to establish the length and cytoskeletal composition of terminal dendrites by controlling microtubule growth. Altering MNB levels disrupts dendrite morphology and perturbs neuronal electrophysiological activity, resulting in larval mechanosensation defects. Using in vivo and in vitro approaches, we uncover a molecular pathway whereby direct phosphorylation of b-tubulin by MNB inhibits tubulin polymerization, a function that is conserved for mammalian DYRK1a. Our results demonstrate that phosphoregulation of microtubule dynamics by MNB/DYRK1a is critical for dendritic patterning and neuronal function, revealing a previously unidentified mode of posttranslational microtubule regulation in neurons and uncovering a conserved pathway for a DS-and ASD-associated kinase.
INTRODUCTION
Neurons typically develop discrete dendritic and axonal compartments, which enable them to functionally integrate into neuronal circuitry (Stiess and Bradke, 2011; Witte and Bradke, 2008) . Individual types of neurons develop dramatically different morphologies of mature dendrites, and the arborization pattern of a dendritic field is a critical determinant of neuronal function (Kaufmann and Moser, 2000) . Dendrite morphological defects are one of the strongest anatomical correlates of intellectual disability, and hence, an understanding of the intracellular pathways that lead to proper dendrite development is critical for human health (Kaufmann and Moser, 2000) . Because dendritic development and function are tightly linked to the underlying dynamics of the cellular cytoskeleton (Witte and Bradke, 2008; Hoogenraad and Bradke, 2009) , an understanding of how the neuron establishes such dynamics will provide direct insight into the normal developmental pathways that may be perturbed in certain disorders, such as Down syndrome (DS).
The microtubule (MT) cytoskeletal network is organized into stable and dynamic arrays that provide structural support, serve as tracks for molecular motors, and function as signaling platforms during neuronal development and plasticity (Dent and Baas, 2014; Hoogenraad and Bradke, 2009 ). Dynamic MTs, in particular, help to drive the extension of a neurite, dendrite (or dendritic spine), or axon, and when MT growth into a branch or growth cone is inhibited, overall extension is stunted (Grabham et al., 2007; Hu et al., 2008; Jaworski et al., 2008; Myers and Baas, 2007; Ori-McKenney et al., 2012; Witte and Bradke, 2008) . Although many molecules contribute to the organization of the MT cytoskeleton into specific arrays either in the axons or the dendrites, little is known about the pathways that regulate MT dynamics through posttranslational modifications to establish a dendritic pattern. In addition, the influence of MT organization on dendrite morphogenesis and overall neuronal function is still being explored. The Drosophila dendritic arborization (DA) neurons of the larval peripheral nervous system display complex dendrite morphologies and can be separated into four distinct classes with branch complexity and arbor size increasing with class number (I-IV) (Grueber et al., 2003b) . Each of these classes of DA neurons also performs a unique and independent function within the peripheral nervous system (Kim et al., 2012; Tracey et al., 2003; Xiang et al., 2010; Yan et al., 2013) . They therefore provide an excellent system for studying how the differential regulation of the MT cytoskeleton contributes to the development of unique dendrite morphologies and, subsequently, unique functions.
Utilizing this system, we performed a screen for cytoplasmic kinases involved in the production of the distinct pattern of class III DA neurons. Kinases are of particular interest because they are often key regulators of biological processes including dendrite morphogenesis (Emoto et al., 2004; Ultanir et al., 2012) , and they are attractive potential drug targets (Bishop et al., 1998) . We identified Minibrain (MNB) kinase as a regulator of the MT cytoskeleton during dendrite morphogenesis. MNB is a dual-specificity tyrosine-regulated kinase (DYRK) and is 82% identical to its human homolog, DYRKla (Lochhead et al., 2005; Shindoh et al., 1996) . MNB was originally identified in Drosophila, where hypomorph mutants produce a smaller brain and exhibit defects in visual and olfactory behavior (Fischbach and Heisenberg, 1981; Tejedor et al., 1995) . Located on chromosome 21, DYRK1a in trisomy produces learning and memory defects associated with DS pathology (Altafaj et al., 2001; Guimerá et al., 1996; Shindoh et al., 1996; Smith et al., 1997; Song et al., 1996) , and is one of the genes most strongly associated with autism spectrum disorders (ASDs) (O'Roak et al., 2014; Willsey and State, 2015) . However, its mode of action and downstream molecular pathways are not well defined.
In this study, we identify a direct role for MNB in the regulation of MT growth dynamics both in vivo and in vitro, uncover the first evidence for phosphoregulation of MTs in neurons, and reveal how the contributions of the MNB pathway to dendrite branch structure and cytoskeleton composition are essential for neuronal morphology and function. MNB binds directly to the acidic C-terminal tails (CTTs) of tubulin through a conserved N-terminal basic patch, and inhibits MT polymerization by phosphorylating b-tubulin at a conserved serine residue. Interestingly, MNB is expressed in the class III, but not the class IV, DA neuron subtype, and we find that its phosphoregulation of MT growth contributes to the development of terminal branches that are a specific morphological feature characteristic of the class III DA neurons. As a consequence, altering the levels of MNB severely perturbs the electrophysiological functioning of these neurons, resulting in defects in larval mechanosensation. The MNB pathway therefore contributes to proper neuronal function by regulating the cytoskeletal composition of dendrites to establish and maintain the dendritic arbor. Our study reveals a surprising mechanism of posttranslational MT regulation during neuronal development and uncovers a previously unidentified molecular pathway for an important disease-related kinase, providing insight into the neuronal pathologies of DS and ASDs.
RESULTS

Drosophila melanogaster Class III and Class IV DA Neurons Develop Distinct Terminal Branch Morphologies with Unique Cytoskeletal Compositions
Class IV and class III DA neurons develop dramatically different arborization patterns: while class IV DA neurons contain many subsets of branches that cover the entire larval body wall, class III DA neurons extend primary dendrites which sprout short, spiky terminal branches with limited coverage ( Figure 1A ). We found that while the filamentous actin (F-actin) cytoskeleton filled the entire dendritic arbor of class IV DA neurons, F-actin was enriched in the terminal dendrite branches of class III DA neurons ( Figure 1A ), consistent with previous reports (Nagel et al., 2012; Tsubouchi et al., 2012) . Conversely, neither stable nor dynamic MTs are present in the terminal branches of class III DA neurons (Ye et al., 2011) , unlike those of class IV DA neurons, though the number of dynamic MTs was similar in the primary branches of both neurons (Figures 1B and 1C) . For this study, we define MT dynamics as MT assembly that we visualize using EB1-GFP, which marks the growing plus end of the MT. While class IV terminal branches contain both actin and dynamic MTs, class III terminal branches contain predominantly actin and appear to exclude dynamic MTs. This may account for the $3-fold difference in average terminal branch length between class III and class IV DA neurons (6.1 mm versus 18.5 mm; Figure 1D) . These results indicate that differential regulation of the MT and actin cytoskeletons may form the basis of the distinct dendrite morphologies of class III and class IV DA neurons.
MNB Kinase Drives Class III DA Neuron Terminal Dendrite Morphology Based on the above observations, we performed a screen for cytoplasmic kinases that could regulate the cytoskeleton to produce the class III short, actin-rich terminal branches as opposed to the class IV long, MT-filled terminal branches, and identified MNB/DYRK1a kinase, which is localized throughout the cytoplasm of class III, but not class IV, DA neurons (Figures S1A-S1C, available online). We analyzed two different MNB mutants, mnb 3 and mnb 1 , as well as mnb-RNAi, which abolishes mnb expression ( Figure S2A ). Mnb 3 and mnb 1 are mutant alleles that have been previously hypothesized to affect MNB protein levels and/or function (Tejedor et al., 1995) . In order to understand the effects of these mutants on protein levels, we generated an MNB antibody to detect total levels of MNB protein in whole larval lysate ( Figure S2B ) and found that MNB levels were decreased $10% and $50% in the mnb 1 and mnb 3 mutants, respectively ( Figure S2C ). These results are consistent with the previous literature on mnb 3 , but the slight decrease in MNB levels in the mnb 1 mutants is surprisingly different from the original report of an $60% decrease (Tejedor et al., 1995) , though similar to a recent study showing an $25% reduction by immunohistochemistry (Chen et al., 2014) . In order to understand the true nature of the mnb 1 mutant, we expressed and purified recombinant full-length MNB kinase protein containing the alanine to threonine (A191T) mutation found in the mnb 1 fly (Figure S2D) . Examination of the tyrosine phosphorylation state of the purified protein suggested that, in contrast to wild-type MNB, the A191T mutation likely prevents autophosphorylation of tyrosines in the mutant protein ( Figure S2E ). Because the activation mechanism of DYRK family kinases requires autophosphorylation on a tyrosine within the activation loop, it is likely that the A191T mutation prevents kinase activation (Lochhead et al., 2005) . Another MNB mutation located in the same region of the kinase domain (K193M) was previously shown to produce a kinase-inactive protein (Lochhead et al., 2005) . The hypomorph, mnb 3 , produced longer terminal branches without compromising the outgrowth of the dendritic arbor (Figures 2A , 2B, and S2F), leading to an overall increase in total branch length ( Figure 2C ). The kinase-dead mutant, mnb 1 , and mnb RNAi also resulted in significantly longer terminal branches (Figures 2A and 2B ) but reduced the overall outgrowth of the primary dendrites and the number of terminal branches ( Figures  S2F and S2G ), leading to a decrease in total branch length (Figure 2C ). We were able to rescue most aspects of the mnb 1 phenotype by driving expression of UAS-mnb with 1912-Gal4 (Figures 2A-2C and S2F-S2G). Overexpression (OE) of MNB resulted in shorter terminal branches and a significant reduction in total branch length (Figures 2A-2C ). Expressing one extra copy of MNB using a duplication line also produced shorter terminal branches but did not affect the overall outgrowth of the neuron ( Figure S3A ). These results are consistent with previous observations of decreased dendritic spine length in trisomic DS mouse models (Tejedor and Hä mmerle, 2011) . Mnb RNAi did not perturb the overall morphology of class I or class IV neurons, but OE of MNB reduced the complexity of the dendritic arbors of both classes ( Figure S3B ). Together, these results reveal that MNB contributes to overall neuronal outgrowth and maintenance of terminal branch length, as well as highlight the impact of MNB gene dosage on dendrite development.
MNB Regulates Microtubule Dynamics within the Class III DA Neurons
In order to understand how MNB contributes to the development of the dendritic arbor, we analyzed its effects on the MT cytoskel- eton. Based on our previous observations that MT growth into a short terminal branch correlates with branch extension and stability (Ori-McKenney et al., 2012) , we wanted to investigate if dynamic MTs contribute to the extension and stabilization of the longer terminal branches in the MNB mutant class III DA neurons. We analyzed MT dynamics in the mnb mutant and RNAi backgrounds and found that a much higher percentage of terminal branches contained MTs, as evidenced by EB1-GFP comet growth into the branches of mnb mutant neurons, compared with wild-type neurons (Figures 3A and 3B; 42 .5% ± 15%, 33.6% ± 18.2%, and 44.0% ± 12.8% for mnb 3 , mnb 1 , and mnb RNAi, respectively, compared with 0.4% ± 1.7% for wild-type; means ± SD). Actin was still localized within the terminal branches of the mnb RNAi neurons, though not as prominently in the distal branch tips, indicating that the presence of dynamic MTs in these branches could affect the actin cytoskeleton ( Figure S4A ). Interestingly, the number of dynamic MTs growing within the primary branches of class III DA neurons was unaffected in the mnb mutant and RNAi neurons ( Figures 3C and 3D ). However, upon mnb OE, the number of dynamic MTs within the primary branches was dramatically reduced (Figures 3C and 3D; 1.6 ± 0.8 EB1 comets for mnb OE compared with 5.1 ± 1.4 comets for wild-type neurons; means ± SD), indicating that excessive levels of MNB lead to a suppression of MT dynamics. MT polarity was similar, but MT growth rate was significantly slower in mnb OE neurons compared with wild-type and mnb 1 neurons ( Figures S4B and   S4C ). These results reveal a role for MNB in controlling MT dynamics, and thus neuronal morphology, in class III DA neurons, because knockdown of MNB results in MTs entering terminal branches from which they are normally excluded, leading to longer terminal branches, and OE of MNB results in fewer dynamic MTs overall, leading to stunted arborization.
MNB Binds Directly to Microtubules through a Conserved Basic Patch in Its N Terminus
We next set out to determine if MNB could directly regulate the MT cytoskeleton, or if its effects on MT dynamics in vivo are exerted indirectly. In order to answer this question, we turned to an in vitro reconstitution system. We purified recombinant fulllength, active GFP-MNB kinase ( Figure 4A ). There are three major isoforms of MNB in Drosophila that are enriched at various developmental stages (Chen et al., 2014) . We chose to express MNB isoform E because it is the predominant isoform in the larval body wall, which is where the DA neurons are located (Chen et al., 2014) . Using total internal reflection (TIRF) microscopy, we imaged purified GFP-MNB and fluorescently labeled taxol-stabilized porcine MTs, and found that GFP-MNB bound along the lattice of these MTs ( Figure 4B ). Thus, purified GFP-MNB interacts directly with MTs in vitro. MT cosedimentation assays with increasing concentrations of taxol-stabilized MTs revealed that GFP-MNB bound MTs with an apparent Km of 0.96 mM ( Figure 4C ). To ascertain how MNB interacts with MTs, we treated taxol-stabilized MTs with the protease subtilisin to remove the CTT domains of both a-and b-tubulin (McKenney et al., 2014) . Strikingly, this treatment completely abolished GFP-MNB binding to MTs ( Figure 4D ). Thus, purified GFP-MNB binds directly to MTs through interactions with the acidic CTTs of tubulin. We located a basic patch of residues (aa 118-122; KKKRR) that was highly conserved in all Drosophila isoforms and in metazoans ( Figures 4E and S5A) . Interestingly, this basic patch lies within the previously described bipartite nuclear localization signal for MNB (aa 105-139, see discussion) (Becker et al., 1998) . In order to test if this basic patch plays a role in the MNB-MT interaction, we mutated five basic residues to acidic residues (KKKRR / EEEDD) ( Figure 4E ) and purified the full-length mutant MNB protein, which we termed B > A for ''basic to acidic'' ( Figure 4F ). We found that at comparable protein concentrations, the B > A mutations strongly diminished MT binding by MNB in both the TIRF assay ( Figure 4G ) and the MT cosedimentation assay (Figure 4H) , increasing the Km nearly 5-fold to 4.46 mM. We found that the Drosophila MNB 1 A191T mutation, which produces a kinase-dead version of MNB ( Figures S2D and S2E ), did not affect MT binding ( Figure S5B ). Thus, MNB kinase directly interacts with the CTTs of tubulin through a highly conserved basic motif, independent of its kinase activity.
MNB Inhibits Microtubule Polymerization by Phosphorylating b-Tubulin at Serine 172
Because our in vivo results suggested that MNB affects dynamic MTs, we examined the possibility that MNB could directly affect MT polymerization in vitro. The polymerization of purified tubulin in solution can be monitored as a change in turbidity (Borisy et al., 1972) . Studies of mammalian tubulin polymerization typically perform such assays at physiological temperature (37 C) (Szyk et al., 2011) . However, initial trials suggested that our recombinant Drosophila GFP-MNB protein is unstable at this temperature, and we thus performed our assays at 25 C. We observed that our purified porcine tubulin polymerized more slowly at 25 C than at 37 C, as expected ( Figure S6A ). While 25 mM tubulin alone incubated with 1 mM GTP and 1 mM ATP polymerized into MTs over time, the addition of 500 nM GFP-MNB dramatically inhibited tubulin polymerization over the course of the assay ( Figure 5A ). Strikingly, the addition of GFP-MNB without ATP did not affect MT polymerization, strongly suggesting the kinase activity of MNB is required to suppress MT growth. GFP-MNB also significantly reduced tubulin polymerization in the presence of the slowly hydrolyzable GTP analog, GMP-CPP, a potent MT nucleator ( Figure S6B ). Importantly, both the kinase-dead mutant MNB 1 and the MT-binding-deficient mutant B > A MNB proteins displayed dramatically reduced abilities to inhibit tubulin polymerization ( Figure 5B ). These results reveal that MNB requires both its ability to interact with tubulin and its kinase activity to directly inhibit tubulin polymerization.
Our results with purified components strongly suggested that tubulin might be a direct substrate for the kinase activity of MNB. Sequence analysis of a-and b-tubulin genes revealed two potential MNB consensus target sites within b-tubulin: serine 172 (S172) and threonine 219, which are highly conserved across metazoan b-tubulin isoforms ( Figures 5C and S6C) . We performed a kinase assay with porcine tubulin and wild-type GFP-MNB, the kinase-dead MNB 1 mutant, or the kinase-active, but
MT-binding-deficient, B > A MNB mutant ( Figure 5D ). Using a phosphospecific antibody, we found GFP-MNB directly phosphorylated purified b-tubulin at S172, but did not phosphorylate threonines on either tubulin, suggesting that S172 in b-tubulin is the major target site for MNB ( Figures 5E and S6D ). Neither the MNB 1 nor the B > A mutant was able to phosphorylate b-tubulin at S172 in our assay ( Figure 5E ), demonstrating that tubulin phosphorylation by MNB requires both kinase activity and tubulin binding. Analysis of these samples by mass spectrometry revealed that S172 is the only residue within the tubulin dimer that was phosphorylated by MNB ( Figure 5F ; Table S1 ). S172 is located near the exchangeable nucleotide-binding site of b-tubulin ( Figure S6E ) (Hesse et al., 1987) . These findings suggest that the addition of a phosphate group to S172 may interfere with nucleotide binding and/or exchange, which is necessary for tubulin assembly into MTs (Fourest-Lieuvin et al., 2006; Yu et al., 2015) .
To investigate if b-tubulin is phosphorylated at S172 in vivo, we performed immunohistochemistry on larvae using the phosphospecific antibody against S172. We found that the phospho-S172 b-tubulin antibody stained the base of terminal branches in wild-type class III DA neurons, but this reactivity was largely abolished in mnb RNAi neurons ( Figure 5G ). Upon mnb OE, however, the levels of phospho-S172 b-tubulin increased throughout the primary branches ( Figure 5G ). These data indicate that MNB phosphorylates b-tubulin within the class III neurons, consistent with its mechanism of action in vitro.
The Mechanisms of Microtubule Binding and Tubulin Phosphorylation Are Conserved in Mammalian DYRK1a
Given the sequence conservation between MNB and DYRKla, we wanted to directly test whether the MT binding and tubulin phosphorylation activities are conserved in mammalian DYRKla. We therefore purified recombinant full-length, active mouse (D) GFP-MNB (green) binds normal taxol-stabilized MTs (red) but does not bind subtilisin-treated MTs that lack the CTTs (blue) in two different panels. Scale bar, 2.5 mm.
(E) Sequence alignment reveals that Drosophila MNB-E contains a basic cluster (orange, residues 118-122) that is highly conserved. We mutated each of these basic residues to acidic residues to produce a basic-to-acidic mutant (B > A) MNB. GFP-DYRKla kinase ( Figure 6A ). Using TIRF microscopy, we imaged purified GFP-DYRKla and fluorescently labeled taxolstabilized MTs, and found that GFP-DYRKla bound along the lattice of these MTs ( Figure 6B ), similar to GFP-MNB. We also performed a kinase assay and found that GFP-DYRK1a directly phosphorylates purified porcine b-tubulin at S172 (Figure 6C) . Finally, turbidity assays revealed that the addition of GFP-DYRKla dramatically inhibited tubulin polymerization in an ATP-dependent manner ( Figure 6D ). Together, these results indicate that the mechanisms of MT binding and tubulin phosphorylation are conserved between Drosophila MNB and mammalian DYRKla.
Mnb Mutants Impair the Mechanosensory Response of Class III DA Sensory Neurons by Altering the Dendritic Architecture and Perturbing the Localization of NompC Class III DA neurons are mechanosensitive neurons that respond to gentle touch (Bagley et al., 2014; Tsubouchi et al., 2012; Yan et al., 2013 ). Using a previously described gentle touch assay (Kernan et al., 1994) , we observed significant reductions in touch response scores in mnb 1 , mnb 3 , mnb RNAi, and mnb OE larvae ( Figure 7A ). In addition, rescuing the dendritic arbor phenotype of mnb 1 by driving UAS-mnb in class III DA neurons using the 1912-Gal4 also rescued the gentle touch response ( Figure 7A ). To determine whether mnb RNAi or mnb OE affects (E) Immunoblots of in vitro kinase assays with samples taken at 0 min and 60 min after incubation of 500 nM tubulin and 1 mM ATP alone, or with 500 nM wild-type, MNB 1 , or B > A MNB at 25 C.
MNB proteins were detected by an anti-strep antibody, b-tubulin phosphorylated at serine 172 was detected by a phosphospecific antibody, and total tubulin was detected by an anti-alpha-tubulin antibody.
(F) Extracted ion chromatogram from MS1 filtering of LC-MS/MS (liquid chromatography-tandem mass spectrometry) data shows the unmodified peptide, IMNTFSVMPSPK, containing Ser172 (earlier retention time peak) and the phosphorylated Ser172 peptide (later retention time and inset). The MS1 intensity is normalized to the peak of the unmodified peptide identified in each sample. The phosphorylated Ser172 peptide appears in the presence of wild-type MNB protein, but does not appear in the presence of the kinase-dead mutant, MNB 1 , or in the absence of the kinase. See also Table S1 . (G) Immunohistochemical staining of wild-type, mnb RNAi, and mnb OE larval fillets with anti-phospho-S172 and anti-GFP (against the membrane marker, CD4). Phospho-S172 is normally present at the base of terminal branches in wild-type class III neurons (white arrows), but expression decreases in mnb RNAi neurons and increases in mnb overexpressing neurons. Scale bars, 10 mm. mechanosensation of class III DA neurons as opposed to subsequent signaling in the CNS, we performed extracellular recordings from class III DA neurons while delivering a touch stimulus of varying intensity. Wild-type class III DA neurons responded with a progressively higher frequency of action potentials (APs) as the touch stimulus intensity increased up to 30 mm ( Figure 7B ). This response was dramatically reduced in class III DA neurons expressing mnb RNAi at all stimulus intensities; however, mnb OE neurons exhibited a much higher frequency of APs at 20 mm, then substantially fewer APs at higher intensities ( Figures  7B and 7C) . These results are consistent with the defects shown in our gentle touch assay; however, while mnb RNAi nearly eliminates the mechanosensitive response of the class III DA neurons, mnb OE causes an initial increase in sensitivity of these neurons, which then fail to fire at higher intensities, possibly resulting from excessive depolarization or channel desensitization/inactivation.
To understand the basis of this defective response to gentle touch, we examined the axon terminals of mnb RNAi and mnb OE class III DA neurons but found that the axon terminals appeared similar among all genotypes ( Figure 7D ). We then analyzed the localization pattern of the mechanosensitive channel, NompC (Tsubouchi et al., 2012; Yan et al., 2013) , and found that NompC localized to the terminal branches of both wild-type and mnb OE neurons, but its pattern was altered in mnb RNAi neurons ( Figures 7E and S7) . NompC was either entirely absent from the longer terminal branches or only appeared in the proximal regions of the branches of mnb RNAi neurons (Figures 7E and S7) , which is similar to the pattern of F-actin in the mnb RNAi neurons ( Figure S4A) . Therefore, the impaired gentle touch response in mnb RNAi and OE neurons is likely caused by altered intracellular cytoskeletal dynamics leading to improper trafficking of NompC, perturbed dendrite morphology, or both.
DISCUSSION
Our results uncover a direct role for MNB in the regulation of MT growth both in vivo and in vitro, revealing the mechanism by which the MNB pathway controls the cytoskeletal composition and branch structure of the dendritic arbor for proper neuronal function. Additionally, we have uncovered a previously unidentified mode of posttranslational MT regulation during neuronal development.
Surprisingly, MNB is localized throughout the cytoplasm of the class III DA neurons, not just within terminal branches, indicating that its kinase activity may be spatially regulated to ensure MT growth is not inhibited throughout the entire neuron. We identified a conserved N-terminal basic patch in MNB/DYRK1a that is responsible for binding to the CTTs of MTs. This patch lies within the putative nuclear localization signal (NLS) for MNB/ DYRK1a (Becker et al., 1998) , which could serve as an important regulator of MNB/DYRK1a expression and activity. Several other key organizers of the MT cytoskeleton, such as TPX2, XCTK2, NuMA, and GM130, also localize to the interphase nucleus (Walczak et al., 1997; Wei et al., 2015; Wiese et al., 2001; Wittmann et al., 1998 Wittmann et al., , 2000 . Strikingly, the binding of importin a or b to the NLS of these proteins prevents either their association with MTs or their action upon MTs (Ems-McClung et al., 2004; Schatz et al., 2003; Wei et al., 2015; Wiese et al., 2001) . We speculate a similar mechanism may regulate MNB/DYRK1a localization and MT association both before and after neuronal differentiation. MNB directly inhibits MT polymerization by phosphorylating b-tubulin at S172, a mechanism that is conserved in mammalian DYRK1a. Phosphorylation of b-tubulin at S172 by CDK1 has been shown to suppress MT dynamics during the cell cycle (Fourest-Lieuvin et al., 2006) . We expand this work and provide evidence that phosphoregulation of MT dynamics is important for MT-driven morphogenesis in postmitotic cells. Based on previously characterized roles for MNB/DYRK1a during the cell cycle, there may be a broader utility for this action. MNB/DYRK1a is expressed throughout the cell cycle in Drosophila and mammalian neural progenitors, and numerous studies have reported that both loss and gain of MNB/DYRK1a function impair proliferation (Tejedor and Hä mmerle, 2011) . Furthermore, Pom1p, the MNB/ DYRK1a homolog in S. pombe, regulates mitotic entry based on cell length (Martin and Berthelot-Grosjean, 2009 ). Therefore, the purpose of b-tubulin phosphorylation to inhibit MT growth by MNB/DYRK1a may involve not only dendrite morphogenesis, but also the control of MT dynamics during the cell cycle.
Finally, our results suggest that the cytoskeletal composition of the dendrite branches critically drives both cellular morphology and functional output. Altering MNB levels perturbs the MT dynamics of the dendrite branches, which results in either hypersensitivity, due to abnormal dendrite morphology, or hyposensitivity, due to the improper trafficking of NompC, of these neurons to mechanosensitive stimuli. In the latter case, in mnb RNAi neurons, the presence of MTs within the terminal branches may disrupt the distribution of the actin cytoskeleton, leading to an altered localization of NOMPC and a decrease in neuronal firing. These results indicate that the organization of the cytoskeleton can significantly affect intracellular dynamics and contribute to proper functioning of a neuron on multiple levels. MNB/DYRK1a kinase may have additional signaling pathways that regulate dendrite morphogenesis and function, and it will be interesting to investigate the roles of its other substrates in future studies.
In summary, our study provides the first evidence that MNB/DYRK1a kinase can directly control MT growth through = 24, 19, 19, 20, 19 , and 20 larvae for wild-type, mnb 3 , mnb 1 , mnb RNAi, mnb OE, and mnb rescue, respectively). Graph is a box plot with min to max whiskers, which include all data points.
(B) Extracellular electrophysiological recordings from class III DA neurons expressing mnb-RNAi and mnb OE indicate an alteration in the number of action potentials (APs) fired per second for a mechanical stimulus of a particular intensity compared with baseline (Dno. APs) (two stars indicate p < 0.005; n = 8, 9, and 7 larvae for wildtype, mnb RNAi, and mnb OE, respectively). phosphorylation of b-tubulin, and that this action has a profound influence not only on how a dendritic arbor forms, but also on how a neuron functions. Not only do our results reveal a previously unidentified mode of posttranslational MT regulation in neurons, but they also uncover a conserved molecular pathway for a DS and ASD critical kinase, providing insight into the nature of the neuronal pathologies of these disorders.
EXPERIMENTAL PROCEDURES Fly Stocks
We used Gal4 driver lines ppk- Gal4, 1912-Gal4, and Gal4 1003.3 (Grueber et al., 2003a; Yan et al., 2013) to drive the expression of UAS-EB1-GFP (Zheng et al., 2008) to visualize the growing plus ends of MTs in class IV and class III DA neurons, of the membrane marker UAS-cd4-tdGFP (Han et al., 2011) to visualize dendrite morphology, and of UAS-LifeAct-tdTOM (Han et al., 2011) 
Genetic Screen
We screened 60 fly lines harboring mutant cytoplasmic kinases for their ability to alter class III terminal branches from short, spiky protrusions to longer, class IV-like terminal branches. We only focused on kinases that were expressed within the peripheral nervous system during larval development, based on expression data found in FlyBase. Fifty-seven of the fly lines were mutant alleles, while three were UAS-RNAi. Homozygous and hemizygous mutants were analyzed, but for those mutants whose homozygosity caused lethality before third larval instar, we analyzed the heterozygote and a UAS-RNAi line driven by the class III specific promoter 1912-Gal4.
Live Imaging and Analysis
Whole, live third instar larvae were mounted in 90% glycerol under coverslips sealed with grease and imaged using a Leica SP5 laser scanning confocal microscope. Live imaging and analysis of EB1-GFP were performed as previously described (Ori-McKenney et al., 2012; Zheng et al., 2008) . Please refer to Supplemental Experimental Procedures for detailed methods.
Immunohistochemistry
Immunohistochemical staining was performed as reported previously (Bagley et al., 2014) . The primary antibodies used were chicken anti-GFP (GFP-1020, Aves Labs, RRID: AB_10000240), mouse anti-NOMPC-NT (N-terminal epitope, a gift from J. Howard, Max Planck Institute), goat anti-HRP-Cy5 (123-605-021, Jackson ImmunoResearch, RRID: AB_2338967), and rabbit anti-phospho-serine 172 (ab76286, Abcam, RRID: AB_1523210). For the phospho-S172 antibody staining, it was essential that larval muscle be cleared entirely from the fillet in order to get staining of the neurons because this antibody prominently stains the muscles. The affinity-purified rabbit antibody against MNB was generated against amino acids 106-145, a region that is conserved between all MNB isoforms (Yenzym Antibodies, LLC). To validate the MNB antibody that we produced, we determined its specificity using western blot and immunohistochemistry analysis. We blotted larval lysate and saw specific bands at the known molecular weights for four MNB isoforms: isoforms E ($90 kDa), F/G (both $60 kDa), and H ($100 kDa), and one band that is either a nonspecific band or an unidentified MNB isoform ( Figure S2B ). We then used the MNB antibody to stain larval fillets, and the antibody recognized class I and class III neurons ( Figure S1 ). Upon MNB knockdown with RNAi specifically in class III neurons, our MNB antibody still stained class I neurons but no longer recognized class III neurons, further validating its specificity ( Figure S2A ). Finally, these results were reproduced on different larval preps on different days using different aliquots of antibody. Secondary antibodies consisted of appropriate fluorescence-conjugated anti-donkey IgG (Jackson ImmunoResearch). Slides were imaged on a Leica SP5 confocal microscope using an oil immersion 403 objective.
Behavioral Assays and Electrophysiology
Larval gentle touch assays and electrophysiological experiments were performed as previously described (Kernan et al., 1994; Yan et al., 2013) . Please refer to Supplemental Experimental Procedures for detailed methods.
Protein Expression and Purification
Tubulin was purified from porcine brain by the method of Castoldi and Popov (2003) . The Drosophila MNB-E cDNA was codon optimized and synthesized by GenScript Corporation. The cDNA of mouse DYRK1a was acquired from GE Dharmacon MGC Collection (MGC: BC034550). Both MNB-E and DYRK1a were cloned in frame into pFastBacHTA vector containing an N-terminal strepII-superfolder GFP (sfGFP) cassette (McKenney et al., 2014) . For baculovirus expression, the Bac-to-Bac protocol (Invitrogen) was followed. SF9 cells were grown in shaker flasks to $2 3 10 6 /mL and infected at a ratio of 10 mL virus to 250 mL cells. The infection was allowed to proceed for 48 hr for MNB or 60 hr for DYRK1a before cells were harvested and frozen in LN 2 . Cell pellets were resuspended in lysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM K-acetate, 2 mM Mg-acetate, 1 mM EDTA, 10% glycerol, and 0.1 mM ATP) with protease inhibitor cocktail (Roche). Cells were lysed by addition of 1% Triton X-100 for 10 min on ice. The lysate was clarified by centrifugation (250,000 3 g for 10 min). The lysate was incubated with 5 mL Streptactin agarose (GE Healthcare) for 30 min, and the beads were washed with lysis buffer containing an additional 100 mM KCl extensively to remove unbound proteins. The MNB or DYRK1a protein was eluted with 3 mM desthiobiotin in lysis buffer. The protein was concentrated on Amicon concentrators and flash frozen in LN 2 . Protein concentration was determined by measuring the absorbance of the sfGFP tag at 488 nm and calculated using the molar extinction coefficient of sfGFP (83,300 M À1 cm À1 ). The resulting preparations were analyzed by SDS-PAGE and by immunoblot using antibodies against strep tag II (ab76949, Abcam, RRID: AB_1524455) and phosphotyrosine (05-321, clone 4G10, Millipore, RRID: AB_309678) to ensure the kinase was active. Immunoblots were visualized using an Odyssey Li-Cor system.
TIRF Microscopy
TIRF experiments were performed as previously described (McKenney et al., 2014) . A mixture of native tubulin, biotin-tubulin, and fluorescent-tubulin purified from porcine brain ($10:1:1 ratio) was assembled in BRB80 buffer (80 mM PIPES, 1 mM MgCl 2 , and 1 mM EGTA [pH 6.8] with KOH) with 1 mM GTP for 15 min at 37 C, then polymerized MTs were stabilized with 20 mM taxol. MTs were pelleted over a 25% sucrose cushion in BRB80 buffer to remove unpolymerized tubulin. For subtilisin removal of the C-terminal tubulin tails, the assembled MTs were digested with 200 mg/mL subtilisin for 1 hr at 37 C.
The digestion was terminated by addition of 1 mM PMSF, and the digested MTs were centrifuged over a 25% sucrose cushion in BRB80 to remove the subtilisin protease. Flow chambers containing immobilized MTs were assembled as described (McKenney et al., 2014) . Imaging was performed on a Nikon Eclipse TE200-E microscope equipped with an Andor iXon EM CCD camera; a 1003, 1.49 NA objective; three laser lines (491, 568, and 647 nm); and Micro-Manager software (Edelstein et al., 2010) . All assays were performed in assay buffer (30 mM HEPES [pH 7.4], 50 nM K-acetate, 2 mM Mg-acetate, 1 mM EGTA, and 10% glycerol), supplemented with 0.1 mg/mL biotin-BSA, 0.5% Pluronic F-168, and 0.2 mg/mL k-casein. A final concentration of 50 nM GFP-MNB wild-type and mutant proteins or 50 nM GFP-DYRK1a was used in all assays.
Cosedimentation Assays
Cosedimentation assays were performed as previously described (Ori-McKenney et al., 2010) . Please refer to Supplemental Experimental Procedures for detailed methods.
Turbidity Assays
Turbidity experiments were performed with 25 mM tubulin and 5 mM GFP-MNB wild-type or mutant proteins (Figures 5 and S6) or GFP-DYRK1a (Figure 6 ). Purified proteins were mixed with tubulin in the presence or absence of 1 mM ATP and incubated in BRB80 buffer (supplemented with 25% glycerol) on ice for 10 min, then 1 mM GTP was added and the entire solution was injected into either a 25 C or 37 C preheated cuvette. Absorbance at 350 nm was monitored at 1 min intervals for 25-50 min. When turbidity assays were conducted with GMP-CPP, every step was the same, except we used 10 mM Tubulin, 2 mM GFP-MNB, and 1 mM GMP-CPP instead of 1 mM GTP immediately before transferring the sample to the cuvette.
Kinase Assays and Mass Spectrometry
Phosphorylation reactions were performed as previously described (FourestLieuvin et al., 2006) with the following modifications: 500 nM porcine brain tubulin was incubated for 60 min at 25 C with 1 mM ATP either in the presence or absence of 500 nM GFP-MNB or GFP-DYRK1a proteins in BRB80 buffer (supplemented with 1 mM DTT and 1 mM PMSF). Please refer to Supplemental Experimental Procedures for detailed methods. For mass spectrometry (MS), 25 mM of porcine brain tubulin was incubated for 60 min at 25 C with 1 mM ATP either in the presence or absence of 1 mM GFP-MNB (wild-type or kinase-dead) proteins in 50 mM Tris-HCl buffer (150 mM K-acetate, 2 mM Mg-acetate, and 10% glycerol [pH 8.0]) in low retention tubes. The reaction was quenched by adding EDTA (pH 8.0) to a final concentration of 20 mM, then solid urea was added to a final concentration of 1 M. Next, 0.5 mg of trypsin was added to each sample and the samples were incubated overnight. The trypsinization was quenched with 10% trifluoroacetic acid to a final concentration of 0.5%, and the samples were spun at 15,000 3 g for 10 min to pellet any precipitate. The supernatant of each sample was desalted using Pierce C18 Spin Tips and eluted in 50% acetronitrile/0.1% formic acid into another low retention tube, then dried using a SpeedVac. An estimated 4.3 pmol of peptides were resuspended to a concentration of 100 nM in 0.1% formic acid, 2% acetonitrile. Approximately 200 fmol of each sample was injected onto a Dionex Ultimate 3000 RSLCnano UHPLC with a 75 mm 3 15 cm Acclaim Pepmap C18 column. This column was coupled directly in line with a Q-Exactive Plus Hybrid Orbitrap (Thermo Fisher) mass spectrometer. Reverse-phase separation was performed in buffer A (0.1% formic acid in water) and buffer B (0.08% formic acid in 80% acetonitrile) at a flow rate of 300 nL/min. A nonlinear gradient extended from 3% to 40% buffer B over 29 min, followed by a column wash to 99% buffer B over 13 min, and then re-equilibration at 3% buffer B for a total run time of 60 min.
Data-dependent acquisition was performed using X-Calibur version 3.0.63 software (Thermo) across an m/z range of 350-1500 with an isolation window of 1.7 m/z for ions selected for MS/MS with a dynamic exclusion window of 20 s after acquisition. The top 12 most intense ions in each MS survey scan (MS1) were chosen for fragmentation and sequencing. Peptides were fragmented in a higher-energy collisional dissociation (HCD) cell at a normalized collision energy (NCE) of 27.
Raw data from unbiased MS experiments were processed using Protein Prospector (University of California, San Francisco) from peak lists generated by ProteoWizard MSConvert (Chambers et al., 2012) . All spectra were searched using the full porcine SwissProt database (downloaded March 5, 2015, from https://www.uniprot.org/downloads). Search parameters included fixed modification of cysteine carbamidomethylation, variable modifications of methionine oxidation and phosphorylation of serine/threonine, up to two missed tryptic cleavages, parent mass tolerance 6 ppm, and fragment mass tolerance 6 ppm in the first biological replicate and 20 ppm in the second replicate. The full list of identified peptides based on Protein Prospector search is shown in Table S1 .
Statistical Analysis
All statistical tests were performed with two-tailed Student's t test. 
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